ABSTRACT The effect of environmental pH on the proliferative activity of sparse 3T3 cell cultures was investigated. When quiescent (serum-starved) cells were transferred to a serum-depleted medium in which pH had been elevated, cell proliferation was stimulated during the first 24 hr after the medium change, as reflected by an increase in cell number and in the proportion ofcells synthesizingDNA (measured by autoradiography and flow cytophotometry). The growth-stimulatory effect was greater with increasing pH. At pH 8.2 the effect was-approximately 50% ofthat seen in serum-stimulated cells (i.e., upon the addition of 10% serum). Above pH 8.2 toxic effects and cell death were observed. However, the stimulatory effect could be performed without interference oftoxic effects by exposing the cells to the high alkaline environment for a short period. A maximum stimulatory effect on the quiescent cells-without any observed toxic effects-was seen after exposure to an alkaline pulse with a duration of 2-10 min at a pH between 8.5 and 10. More than 80% of the cells synthesized DNA during the first 24 hr after the alkaline-pulse stimulation, which is an almost similar response to that seen after stimulation with serum. The growth-stimulatory effect of the alkaline-pulse treatment could not be prevented by a subsequent treatment at acid pH. Kinetic analysis revealed that DNA synthesis was not initiated until 9-12 hr after the alkaline-pulse treatment. This lag period was of the same length as that seen after stimulation with serum. Alkaline-pulse treatment only resulted in stimulation of DNA synthesis and mitosis during one cell cycle. When the alkaline treatment was repeated, only a small proportion of cells could proceed through a second cell cycle.
The growth of cells in culture is profoundly modified by variations of pH in the medium. Various cell lines have different pH optima for growth in culture (1) (2) (3) . Furthermore, it has been shown that the degree of density-dependent inhibition of cell proliferation can be modified by alterations in pH ofthe culture medium (1, 3, 4) . Thus, cell cultures at suboptimal pH cease to proliferate at a lower saturation density as compared with cells cultured at optimal pH (1, 3, 4) . Cells that are density-inhibited at a suboptimal pH can be induced to proliferate and to reach a higher saturation density simply by increasing the medium pH to an optimum level (4) . Furthermore, the proliferative responsiveness to changes in pH has been found to be dependent on the serum concentration in the culture medium (3, 5) . A shift from a suboptimal to an optimal medium pH provoked a greater proliferative response when carried out at lower serum concentration than at higher serum concentration. In this investigation, the relationship between pHand serum requirements for cell proliferation was further analyzed. We have found' that a temporary elevation of pH to a supraoptimal level stimulates quiescent 3T3 cells in sparse cultures to undergo one cell cycle in a serum-depleted medium and, thus, temporarily to reduce the serum dependence of these cells.
MATERIAL AND METHODS
Cell Culture. Mouse swiss 3T3 embryo fibroblasts (Flow Laboratories, McLean, VA) weremaintained in monolayer cultures in NUNC's plastic tissue culture bottles. The stock cultures were grown in humified 6% Co2/94% air in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal calf serum (6) , 50 units of penicillin per ml, and 50 pAg of streptomycin per ml. The cells were removed from the dish for transfer by treatment with 0.25% trypsin in Tris-buffered saline containing 0.5 mM EDTA. The line was maintained by seeding 3000 cells per cm2 of culture-bottle area and transferring them every third day. The cells were never allowed to reach confluency. Cells used for experimental purpose were grown in 10-ml plastic tissue culture bottles or in Petri dishes, which contained a glass coverslip on the bottom. Quiescent cells were obtained by briefly washing (twice for 10 sec) proliferating cells in Earle's balanced salt solution and thereafter incubating them in medium Supplemented with 0.5% serum for 24 hr. Cell multiplication was measured by counting 10 defined areas ofa culture bottle photographed in an inverted microscope.
Alkaline Stimulation. In order to stimulate proliferation of quiescent cells, two methods were used. First, cells were continuously exposed to an alkaline medium in which they grew for 24 hr. This medium (containing 0.5% serum) was alkalinized by supplementing with 5 ml of 0.2 M Tris-buffered saline per 100 ml of medium and was adjusted to the desired pH with 0.2 M NaOH. Second, cells were treated with an alkaline medium for a short period (1-30 min). The alkaline medium was then replaced by a serum-depleted medium (0.5%) with normal pH (7.3). The short alkaline treatment was also accomplished by adding 0.2 M NaGH in an appropriate amount to the medium for min and then neutralizing the medium with 0.2 M HCl (without otherwise changing the medium). After the alkaline treatment, the cells were kept in medium at normal pH (7. 3) up to 24 hr and then analyzed. To examine the possibility of reversing the stimulatory effect of a short alkaline treatment, the cells were treated in an acid medium (pH 3-6) for 1-30 min immediately after the alkaline treatment, after which the cells were kept in serum-depleted medium at pH 7.3. The pH was determined before and after the medium changes. In none of the cases did the pH variation exceed 0.1. All pH measurements were carried out with a pH meter equipped with a glass electrode immediately after the dishes had been taken out of the incubator.
Autoradiography. The (1981) 4335 Flow Cytophotometric DNA Determinations. The cells cultivated in bottles were washed briefly with EDTA solution (0.2 mM) at room temperature. The EDTA was removed, and the cells were then exposed to 0.25% trypsin solution at 370C until the cells detached from the glass surface (normally 2-5 min). The cells then were suspended in medium with 10% serum.
After centrifugation at 5000 rpm for 5 min, the supernatant was removed. The cells were washed once in 0.2 M Tris-buffered saline and then were fixed by adding 1 ml (total) of95% ethanol at 00C drop by drop with vigorous stirring. The suspension was kept in a refrigerator (40C) until further analysis was carried out. The cells were stained in buffer containing 0.14 M NaCl, 0.11 M Tris HCl (pH 7.0), and 50 iug of ethidium bromide per ml.
RNase (50 pl; international units/ml in 0.9% NaCl solution) was added to every 5 ml of stain solution. The DNA content was determined in an ICP-22 flow cytometer (originally purchased from PHYWE in West Germany and now available through Ortho Instruments, Westwood, MA).
RESULTS

Continous
Exposure to Alkaline pH. The growth-stimulatory effect of alkaline pH was studied in quiescent cell populations starved in 0.5% serum for 48 hr. The quiescent cells were exposed continuously for 24 hr to alkaline medium with 0.5% serum. The percentage of cells synthesizing DNA during that 24 hr period, as measured by [3H]thymidine incorporation, is shown in Fig. 1 . Less than 10% of the cell population in serumdepleted (0.5%) medium at normal pH (7.0-7.3) were labeled. The percentage of labeled cells increased with increasing pH and reached 49% at pH 8.2. This figure was also significantly higher than the corresponding figures for pH 7.0, 7.3, and 7.6, respectively (P < 0.05). If the pH was increased beyond that level, morphological signs of toxic effects and cellular detachments were observed. When medium with 10% serum was used ( Fig. 1) , the labeling percentage was almost 100% in the entire pH interval 7.0-8.2, above which toxic effects were again observed.
Short Alkaline Treatment. Alkaline pH exerts both a stimulatory effect and a toxic effect on the cells. We hypothesized that the toxic effect is dependent on the length of the alkaline exposure and that a short exposure to alkaline pH might stimulate cells without exerting the toxic effect. Therefore, quiescent cells were exposed to highly alkaline environment (pH 8.5-10) for short periods and then placed in the serum-depleted (0.5%) medium at normal pH (7.3) for 24 hr. An exposure for 1 min at pH 10 is sufficient to induce DNA synthesis in a large proportion (approximately 50%) of the cells, as judged from [3H]thymidine incorporation for 24 hr (Fig. 2) . A maximum stimulatory effect (85% labeled cells) was induced by a 5-to 10-min treatment in pH 10. However, exposure to pH 10 for longer periods than 10 min caused toxic effects and cellular detachment. A maximum stimulatory effect (>85% labeled cells) could also be achieved by exposure to pH 8.5. However, the cells had to be treated at this pH for 10-30 min to reach this stimulatory level. Longer treatment at pH 8.5 resulted in toxic effects. The stimulatory response was gradually reduced with decreasing pH when the cells were treated for 10 min at a pH below 8.5. A maximum stimulatory effect producing nearly 100% [3H]thymidine-labeled cells could be obtained if the cells were starved to quiescence and subsequently stimulated by a short alkaline treatment in 1% serum instead of 0.5%. However, the background level of [3H]thymidine labeling in cell populations starved to quiescence in 1% serum was approximately twice as high (17%) as that seen in populations starved to quiescence in 0.5% serum (8%).
The growth stimulatory response by a short alkaline treatment was not influenced by the means by which the medium pH was raised. In the experiments in Fig. 2 , the medium was alkalized to various pHs by the addition of Tris buffer and NaOH. Such media were added to the cells for a period of 2-30 min and thereafter were replaced by fresh serum-depleted medium at normal pH. In a parallel set of experiments, the pH was elevated by the addition of NaOH to the original serumdepleted medium. This medium was then neutralized after the 2-to 30-min experimental period by the addition of HCL. The results obtained with the latter experimental procedure did not differ from those in Fig. 2 .
To examine the possibility ofreversing the stimulatory effect ofa short alkaline treatment, we exposed the cells to acid media (pH 3, 4, 5, or 6) for a short period (1-30 min) immediately after the alkaline treatment. It was found that the stimulatory effect 1- Fig. 1 . 
In order to show that [3H]thymidine incorporation reflects DNA replication, cellular DNA contents were determined by flow cytophotometry. These determinations were made from populations harvested 18 hr after the onset of stimulationeither by 10% serum or by short alkaline treatment (pH 9.5 for 5 min). Fig. 3 shows the intercellular distribution of DNA content in each population. The (Fig. 4) , the competency to respond to a short alkaline treatment was nearly complete (i.e., DNA synthesis was initiated in more than 80% ofthe cells). However, when confluency was reached, the proportion ofcells responding to a short alkaline treatment was decreased. This decrease was first observed at 24,000 cells per cm2 of culture-bottle area and continued thereafter. In crowded cultures, at population densities above 48,000 cells per cm2, the cells more or less failed to respond to a short alkaline treatment.
Kinetics of DNA Synthesis and Cell Multiplication. The kinetics of cellular entrance into S phase following short alkaline treatment was very similar to the kinetics after a serum stimulation (Fig. 5) . Less than 10% of the control populations continuously exposed to serum-depleted (0.5%) medium at normal pH (7.3) Effect of short alkaline treatment on DNA synthesis. 3T3 cells starved to quiescence in 0.5% serum for 24 hr were exposed to an alkaline medium (pH 9.5) for 10 min. This medium was thereafter replaced by serum-depleted medium (0.5%) with normal pH (7.3), (alkaline stimulation). Exposures to 0.5% serum (Left) and 10% serum (Right) in medium at normal pH (7. 3) were used as controls.
DNA distribution curves 18 hr after onset of stimulation were obtained by flow cytophotometry after staining with ethidium bromide. The effects of short alkaline treatment (pH 9.5 for 5 min) on cell multiplication are shown in Fig. 6 . Continuous exposures to 10% serum and to 0.5% serum in media at pH 7.3 were used as controls. In none of these experimental situations, was there any significant increase in cell number during the first 12 hr. A two-fold increase in cell number was observed 24 hr after onset of stimulation either by 10% serum or by short alkaline treatment (pH 9.5 for 5 min). No further increase in cell number was observed in the population stimulated by alkaline treatment in contrast to the cell population stimulated by 10% serum. These curves indicate that the cells exposed to Time, hr FIG. 6 . The effect of short alkaline treatment on cell multiplication. 3T3 cells starved to quiescence in 0.5% serum for 24 hr were exposed to an alkaline medium (pH 9.5) for 10 min. This medium thereafter was replaced by serum-depleted (0.1%) media at normal pH (7. 3). (v). The controls represent stimulation with 10% serum (v) and continuous exposure to 0.5% serum (o) in medium at normal pH (7. 3). The cells per cm2 of culture-bottle area were counted from 10 defined areas every sixth hour after onset of stimulation.
DISCUSSION
The present study has shown that continuous exposure to alkaline pH exerts a stimulatory effect on DNA replication in sparse cultures that had been starved to quiescence in low serum concentration. The stimulatory effect increases with increasing pH continuously up to pH 8 (14) . Because these complexes precipitate at alkaline pH, this perhaps could be the mechanism behind the alkaline stimulation. However, EDTA-washed cells exposed to a calciumdeficient alkaline medium for 10 min and thereafter exposed to a calcium-deficient, serum-depleted medium for up to 6 hr (whereafter calcium was added) underwent DNA synthesis to the same extent as cells stimulated in a constant presence of calcium (15) . Furthermore, we found that exposure immediately after the alkaline treatment to a low pH (3-6) that should dissolve formed precipitates of Ca3(PO4)2 could not reverse the stimulatory effect. These two latter findings do not support the possibility that alkali exerts its stimulatory effect at the cell surface through the formation ofCa3(PO4)2 precipitates. A possible mode of action of alkaline pH at the cell surface could be extraction of plasma membrane proteins. This suggestion is supported by the findings that alkaline pH leads to a substantial extraction of membrane proteins in bacteria (16) and from isoCell Biology: Zetterberg and Engstr6m 4338 Cell Biology: Zetterberg and Engstrom lated endoplasmic reticulum (17) . It has been reported that proteins that possess growth-inhibitory properties can be detached from quiescent fibroblasts by urea (18) . Analogously, it is possible that the alkaline treatment removes plasma membrane proteins responsible for growth inhibition in quiescent cells.
It could be envisaged that an alkaline treatment could affect the transmembrane transport properties. This suggestion is in accord with earlier findings that the membrane permeability for low molecular weight compounds is markedly altered by pH. The permeability of chicken embryo cells to 2-deoxyglucose, a nonmetabolizable analog of glucose, could be dramatically altered by changes in medium pH (3) . Neuronal excitability, which depends on transmembrane exchange ofions, is similarly dependent on pH (19) , as is the exchange ofchloride by muscle cells (20) . It also has been suggested that altered permeability to low molecular weight compounds plays an important and possibly basic role in shaping the growth response of cells to alterations in extracellular pH (3) .
